ABSTRACT
INTRODUCTION
The demand for cellular capacity is steadily increasing. In particular 4G, e.g. LTE (Long Term Evolution) and also 5G, now standardized by 3GPP, will boost the capacity compared to legacy mobile networks and will bring significant enhancements in terms of spectrum efficiency, peak data rate and latency. One of the main hard struggles in Orthogonal Frequency-Division Multiple Access (OFDMA) networks like LTE is to design effective mechanisms that minimise the effect of the other-cell interference; since the Signal-to-Interference-plus-Noise Ratio (SINR) which actually determines the obtainable bit rate, strongly dependent of the magnitude of this interference. Hence, accurate models that describe the other-cell interference will be important to be able to maximise the SINR for users and therefore increasing the overall capacity and improving Quality of Service (QoS) in such networks.
In the literature the modelling of other-cell inference is not very mature mainly because of the difficulties to model the interference efficiently. For downlink the interference will be the sum of signals from all surrounded base stations (BSs) using the same frequency as a tagged user. In several papers a fixed regular hexagonal cell layout is used as a basis for interference estimations. Since actual BS layouts are far from regular, a stochastic modelling may be beneficial. It turns out that if the BSs are located according to a two dimensional Poisson Point Process (PPP), the analysis is heavily simplified and closed form expression of the coverage probability can be obtained in closed form for the case of Rayleigh fading [1] . However models based on PPPs have the drawback that BSs may be placed arbitrary close to each other with high probability and therefore the interference may become larger than what is experienced in real network. Another observation is the extensive use of the Rayleigh faded radio propagation model in the literature for cellular network performance analysis, and hence excluding other types of fading. By relying solely on Rayleigh fading, other important types of fading like shadowing is excluded from the models. We believe that the Rayleigh faded only models suffer from fundamental inaccuracies which should not be ignored. It is well documented that slow fading or shadowing is an important part of radio propagation modelling at least when it comes to macro type of cells where different types of obstacles are likely to be present [11] . In our calculation we demonstrate that themean obtainable bit rate per hertz is a decreasing function of the standard deviation of the shadowing.
In one part of this paper we consider a cellular network where the interfering BSs are uniformly distributed over a given area in the plane, e.g. are outside a cell of circular shape. Thereby we may avoid that interfering BSs may be arbitrary close to the BS a user is connected to.From a modelling perspective it is important that the interfering BSs cannot be arbitrarily close to the BS a user is connected to, however, the possible distance between interfering BSs is not that important since it is the actual distances and not the exact locations that counts. Another approach is to apply more sophisticated stochastic models for BS deployment that have some kind of repulsive properties. We therefore also consider the Ginibre Point Process (GPP) as an option for BS layout [13] [14] . In addition we also allows for more realistic fading models by combining fast and slow (shadowing) fading. The fading used is the so-called Suzuki fading model that combines Rayleigh fading and Log-normal slow fading (shadowing) [7] . The aim is to obtain the distribution of the SINR, e.g. the outage performance, but also the bit rate per hertz efficiency for the cellular network which is a very strong performance measure.
The rest of this paper is organised as follows. In section 2 we briefly summarize related work. In section 3 the propagation and fading models used in the analysis is discussed. Then in section 4 the distribution of the SINR is derived for several scenarios ranging from fixed hexagonal cell layout to stochastic location of the interfering BSs. Section 5 describes how the distribution and moments of the bitrate per hertz can be obtained an LTE network, based on the discrete Channel Quality Indicator (CQI) table standardised by 3 GPP. Then in section 6 some numerical examples are discussed and section 7 concludes the paper.
MODELLING OF RADIO PROPAGATION AND FADING
The description of fading of radio signals is an important part of models for spectrum efficiency. Usually the radio propagation is described by a distance dependant part, the path loss, and an additional stochastic fading part that is not distance dependent. The fading, i.e. the stochastic part, is often divided into two distinct components namely slow fading or shadowing and fast fading. Below, we briefly describe the different components and also discuss how it is possible to combine slow and fast fading.
PATH LOSS MODEL
One of the most used path loss model for mobile scenarios is the Cost-Hata model, also called the COST 231 model [8] . The path loss L in dB is given by:
[ ] 
SHADOWING AND SLOW FADING (LOG-NORMAL FADING)
Log-normal shadowing is the result of the signal being blocked by large objects in the propagation path. These are typically distant objects in the environment such as mountains, hills, or large buildings. The length of time it takes for a moving receiver to pass through the "shadow" of these obstacles brings about the term "slow fading". The statistical model used to describe shadowing is the Log-normal distribution of the mean signal power [9] . Briefly the Log-normal shadowing is obtained by assuming that there is a stochastic part of L , say Y , added to the expression (1) that is normal distributed (with zero mean) and standard deviation Y s (all given in 
FAST FADING (RAYLEIGH FADING)
Fast fading is also called multi-path fading, as a result of multi-path propagation [4] . When multipath signals arrive at a User Equipment (UE), the constructive and destructive phases create rapid variations in signal strength. The worst case fast fading occurs when there is no direct path, which is called Rayleigh fading. Using a one ray model, this small scale distribution simulates the effects of rapid amplitude fluctuations when the receiver travels a distance of a few wavelengths. As the number of reflected rays approaches infinity, the signal levels approaches a Rayleigh distribution, while the corresponding power follows an exponential distribution. In this paper we assume that the fast fading is according to the Rayleigh model.
COMBINING FAST AND SLOW FADING (SUZUKI DISTRIBUTED FADING)
Suzuki fading superimposes the Log-normal distribution onto the Rayleigh distribution. This is often used to simulate the effects of a dense urban environment with the average received power level fluctuating slowly due to shadowing effects and the fast fading represents rapid signal fluctuations on top of the shadowing effect [7] . By conditioning on the slow fading then for a Rayleigh faded channel the fast fading component will be exponentially distributed. Hence, the total stochastic variation of the signal power may be taken as the product 
In a separate appendix we provide some additional results on Suzuki distribution. Especially we show that the CCDF and PDF and the corresponding Laplace transforms may be expressed as contour integrals. These types of integrals are well suited for deriving asymptotic expansions, e.g. by applying the saddle point method which turns out to be very accurate.
OUTAGE PROBABILITIES AND DISTRIBUTION OF SINR

GENERAL CONSIDERATIONS
One of the most important parameters determining the cell capacity and obtainable bitrates for users is the Signal to Interference plus Noise Ratio (SINR). We have
where P is the received power, N is noise power and I represents the interference from neighbouring cells. In the following we also allow for stochastic location of BSs. So formally we let W be the set of BSs under consideration (which may have stochastic location) and we denote the BS that the user is connected to 0 B and we denote the set of interfering BSs as To find the distribution or outage probabilities of SINR we first consider the case where the location of the BSs W are known. By conditioning on the interference we find: (11) which is the Laplace transform of the interference I when the locations of all interfering BSs are known. In (9) 
To obtain (13) we take (8) as the starting point, and by (5) 
In fact we may also prove (13) by applying (9) 
To simplify the modelling we shall in the following assume that all the interfering cells are transmitting with the same power i.e. we have 
FIXED HEXAGONAL GRID
In this case all the BSs have a fixed location. In the following we give the outage probability for a hexagonal cell layout by taking the interference from the nearest BSs into account. I.e. 
If we assume that users are uniformly distributed over the cell area, we find the function ) (z H by averaging over the cell:
Observe that in (17) we may choose the smaller averaging areal than a full hexagonal due to the symmetry.
If a second ring of hexagonal interfering cells is added expression (16) has to be extended by the product of 12 extra Laplace transforms with the appropriate distances while (17) remains the same.
STOCHASTIC LOCATION OF BS
As the number of interfering BSs grows large the computational effort by applying a fixed layout of BS will not be feasible. Another issue is that for a real network there will be large variations in the actual placing of the BSs so a regular grid will not match well with what will be the layout of BSs in a real network. To cater for such variations stochastic models may give a better description of the interference than a regular grid model is able to do.
UNIFORM DISTRIBUTION OF BSS
In the following we assume that the BSs are uniformly distributed over an area A in the plane and that the user is located say at a particular location which we chose as the origin. We assumes that we have totally n BSs that all are uniformly distributed over A and we assume that the user is connected to the nearest base station and that the remaining 
.By (11) we therefore get when un-conditioning on the distances i R of all the interfering BSs: 
where the surface integration is taken over the variation of the distance r (over the area A ). The probability that exactly one of the BS is located in a surface element q 
where now take and where 
For the case with circular symmetry, e.g. the area
is a circle with radius m R and .Observe that (23) and (24) is exactly the results as optioned in [1] with the PPP modelling of BSs location. In fact we may easily obtain the results for PPP by the results above. For the PPP the conditional distribution of the of BSs in area A will be uniform, given the number of BSs, and the number of BSs will be Poisson distributed with parameter A l . Hence, for the PPP case we find:
is given by (23). We therefore conclude that for large networks where the BSs are uniformly distributed over the area give exactly the same result as for the corresponding PPP case. This is in fact similar to several other examples where Poisson models are obtained by limiting approaches; e.g. by superposition of thin, independent arrival streams which tend to a Poisson process when the number of streams get large, while the total arrival rate is kept constant.
As pointed out in [1] is it possible to perform the integration of (24) yields the simple expression:
the integral may be written in terms of complementary error function:
By the expressions (21) and (24) the effect of the interference is represented in a very compact manner compared with the expressions for the fixed grid as by (17), (15) and (16) 
If we assume Rayleigh fading only, the corresponding result is obtained by letting 0 ® s ; i.e. we may take
For Log-normal fading distribution we have
. We may write
where last integral will converge for 2 > a . We have 
The case without any fading may be obtained from (28) by taking the limit 0 ® s ; i.e. we may take
Observe that for Log-normal fading we cannot use (13) for calculating the outage distribution, but must rather use the more cumbersome inversion integrals (9) or (12).
STOCHASTIC INTERFERENCE MODELS WITH A MINIMUM DISTANCE BETWEEN THE CONNECTED AND THE INTERFERING BSS
If BSs are placed according to a PPP process the BSs will have a finite probability of being very close to each other. In practice there will be a minimum distance between BSs. Also, to be able to compare the results with the fixed grid deployment of BSs we now choose the BS 0 B to be at the centre and assume circular symmetry as shown in Figure 4 below, where the interfering BS is located in the area A between circles with radius min R and max R . If there is a total of n interfering BSs which act independently and all of them are located uniformly over the given area, then the Laplace transform of the interference for a particular user located at distance R from the BS the user is connected to may be found by applying the same method as described in section 4.3.1 above and we may apply (18): By reversing the integration and performing the integral over the angle f we therefore find:
It is possible to write (33) more explicitly by applying (31) and we find: 
We may also easily analyse the case where the BSs are uniformly distributed on the periphery on a circle of radius s R by letting
. We therefore find: 
In the expressions above we have assumed that the numbers of BSs are known, however, over a larger area it will rather be that the number of BSs will be a linear function of the areal of A , i.e. For all the models above we then have the Laplace transform of the sum of the noise to signa l ratio and the scaled interference for a user located at distance R from the transmitting BS on the form: and assume that a typical user is uniformly located in the cell, we find by averaging over the cell area:
The circular cell assumption is fundamentally different from the PPP assumption since we restrict the distances between the connected and the interfering BSs. This is not the case for the PPP model where the distance between the connected and the interfering BS may be small with relative high probability. We therefore expect that the PPP modelling will give higher inference than the models in section 4.3.2 and therefore give poorer performance.
BSS DISTRIBUTED ACCORDING TO A GINIBRE POINT PROCESS
Recently the Ginibre Point Process (GPP) has gain large attention for describing deployment of BSs in cellular networks. The GPP is a special case of Determinantal Point Process (DPP) which has repulsion characterises imolying that two BSs will be close with small probability, while for a PPP there is a tendency to clumping of points that will not been seen in real deployment. It is possible to generalize a GPP to a so called b -GPP which is a thinned and re-scaled GPP. The thinning is done by deleting the points in the original GPP with probability b . Rescaling is done to maintain the same intensity as in the standard GPP. The b -GPP thus extends the classical GPP to point processes that covers a rather broad range of possible BS layouts ranging from PPP when , [12] .
The derivation below is in line with [13] but the similar result is also derived in [14] .We let
where F is where be a point process in the plane with points i X , (10) and (11) will take the form: 
We now use the highly special result for the Ginibre process (see e.g. [13] or [14] ) which states that the ensemble { } and by inserting in we then have:
After some manipulations we then find ) (z H can be written: it will be beneficial to factor out the "PPP" part by using (53) since we may write:
and similar we also define: Compared to (24) the result for b -GPP above is much more time consuming to calculate since it requires calculation of both infinite sums as well as numerical integrations. By the rewriting done by (54) and (55) we speed up the convergence of the sums above since
FORMULAS FOR SINR DISTRIBUTION (OUTAGE PROBABILITIES)
We end this chapter by summarizing the methods to obtain the SINR distribution.For all the scenarios of BSs locations described above in 4.2 and 4.3 we can express the outage probabilities by some of the following expressions:
· for Rayleigh faded channels:
· and Suzuki faded channels by the integral [15] : 
) the outage is given by the contour integrals (9) or (12):
In All These Cases Represent The Laplace Transform Of The "Scaled" Interference And Noise Power And Is Given As Either (17), (21), (24), (45) Or (56). In Appendix-III We Discuss Some (Numerical) Methods For Evaluation Of The Integral (58) For Suzuki Fading. )
CAPACITY CONSIDERATIONS BASED ON LTE-CQI VALUES
In this section we analyse the bit rate that is possible to obtain of a channel of a certain bandwidth. The analysis is based on the assumption that it is possible to specify a functional relation between the SINR and the corresponding bit rate. For LTE part of this relation is given by the 15 standardized CQI values in Table 1 
OBTAINABLE BITRATE PER SYMBOL RATE AS FUNCTION OF SINR
The aim is to express the bit rate as a function of SINR for a user in an LTE cell. For LTE the obtainable spectrum efficiency will depend on the radio signal quality (both for up-and downlink). An indication of the actual radio signal quality is signalled over the radio interface by the so-called CQI index, which is in the range 1 to 15. Based on the CQI value the coding rate is determined on basis of the modulation QPSK, 16QAM, 64QAM, and the amount of redundancy included. The modulation and the Forward Error Correction (FEC) rate is chosen based on the CQI value as shown in Table 1 [2]. For analytical modelling the actual CQI measurement procedures are difficult to incorporate into the analysis due to the time lag, i.e. the signalled CQI is based on measurements taken in earlier TTIs (Transmission Time Interval). To simplify the analyses, we assume that this time lag is set to zero and that the CQI is given as a function of the momentary SINR, i.e. CQI = CQI(SINR). This approximation is justified if the time variation in SINR is significantly slower than the length of a TTI interval. Hence, by applying the CQI table found in [2] we get the spectrum efficiency as function of the SINR as the step function:
where f is the bandwidth of the channel, j c is the efficiency for CQI equal j (as given by Table   1 ) and [ ) ).
We observe that a downscaling of the Shannon limit is very much in line with the corresponding bitrates obtained by the CQI table as shown in Table 1and hence we believe that (62) yields a quite accurate approximation. In fact the approximated CQI values 
DISTRIBUTION OF THE OBTAINABLE BITRATE FOR A CHANNEL
If the distribution of the SINR is known the corresponding distribution of the obtainable bitrate B of a transmission channel, may be found by the distribution of SINR and the functional relation between them. For LTE the functional relation is described in details in section 5.1. Alternatively, this relation may be taken as the Shannon formula which then gives the upper bound of the obtainable bit rate. In section 5.1 we also have determined a truncated version of Shannon formula that approximates the standardized bitrates quite well. Below we express the distribution of the possible obtainable bit rate as function of SINR and the CCDF of SINR given by
First we consider the case where the functional relation between SINR and bit rate B is the step function given by CQI rates inTable 1, i.e. on the discrete form (60) above. The CCDF of the bit rate Hence, we also find the corresponding k 'th moment of the obtainable bitrate as the (finite) sum:
Rather than applying the discrete modelling approach above, we may prefer to apply the continuous counterpart defined by relation (62). With this assumption we find:
and based on (66) we may write the k 'th moment of the bit rate as:
where ) (y f is the PDF of the SINR (given as
). Alternative by integrating by parts the k 'th moment may also be written in terms of the CCDF as: 
NUMERICAL EXAMPLES AND DISCUSSION
SCENARIOS AND PARAMETER CHOICES FOR COMPARISON OF THE MODELS
When comparing the different interference models/scenarios described in the sections 4.2 and 4.3 we must be clear about the actual differences between them so that the comparison is "fair". We take the hexagonal layout as the basis for the comparison. In the examples we have calculations for both 7 (Hexagonal 7-BS) and 19 (Hexagonal 19-BS) BSs where the first represents the cases shown in Figure 2 with a BS surrounded by 6 (interfering) neighbouring BSs and the second represents the case with the second ring with additional 12 (interfering) BSs. When comparing hexagonal layout with circular cell models we choose to require that areas are equal, i.e. the area of a circular cell equals that of a hexagonal cell. Also when comparing models with PPP we take the intensity so that the (mean) number of BSs coincide with that of the hexagonal grid i.e. The interfering BS is located uniformly outside the cell with some different options:
a. Semi-infinite with rate that matches the hexagonal grid.
b. BSs are located outside the cell but inside a limiting circle and where the number of BSs matches the hexagonal cases, i.e. 6 or 18 and the corresponding network area equals that of 7 or 19 hexagonal cells.
c. 6 BSs are located at the periphery of a circle with radius equal to the distance of the interfering BSs from the 7 hexagonal cell case.
In the examples described below we choose the Cost-Hata path loss model with the parameters described in section 3.1. We further assume a transmission power of 2.0 kW and a noise power of 8.283x10 -14 W. This gives necessary parameters for the numerical calculations: 
THE DEVIATED HEXAGONAL MODEL
We shall also consider the following planning scenario for deploying BSs in a cellular network: An operator wants to deploy a network of macro BSs in a particular area. As a start, the operator takes a map of the area and marks the initial tentative BS locations according to a regular hexagonal pattern. Then each ideal BS site is inspected and typically moved from its initial location to a nearby location where it is more practical to put it. A simple statistical model for this process is that each BS is placed randomly in a disc of a certain radius centred at the initial "ideal" regular hexagonal BS locations, as illustrated in Figure 7 . The location of each BS is assumed to have a uniform probability distribution over the area covered by each disc and the cells are defined by the Voronoi tessellation based on the BS locations. This model is then more realistic than the regular hexagonal models. The BSs are placed more randomly and when the radius of the disc is large the generated BS locations are expected to look very similar to what is obtained with the PPP model. The performances measures obtained with the deviated hexagonal model are therefore expected to lie between the performances found with the regular hexagonal models and the PPP model. For small disc sizes, the performance should be similar to what it is for the regular hexagonal model. But as the disc sizes are increased, the performance is expected to approach the PPP performance.
The main weakness of the PPP model is that BSs can be placed arbitrarily close together, whereas the minimum inter-BS distance can be controlled in the deviated hexagonal model. Hence, the accuracy of the PPP model can be tested by comparing its performances with those obtained with a deviated hexagonal model with large disc sizes, where the disc sizes are chosen to guarantee a certain minimum BS separation.
A simulation study was performed to compare the different analytical models with the deviated hexagonal model, and also to justify the numerical calculations. Both the numerical calculations and simulation was performed by applying the input parameters in 0above and we conclude excellent coincidence between the calculated and the simulated SINR distributions.
PROBABILITY OF COVERAGE
Below we give the coverage probability as a function of the threshold (in dB), which is also the CCDF of the SINR, for the various scenarios described above. Four different values for the standard deviation of the shadowing have been chosen in the examples below. These are 0, 3, 6, and 9 dB for the different plots.
In top left of Figure 8-Figure10 we show the results without any shadowing. This case gives the best performance of all the cases considered. This corresponds to the results presented in [1] where the modelling is based on the assumption of having Rayleigh the faded channels. When comparing the effect of shadowing we observe that the shape differs for the different value of the standard deviation. We observe that the coverage performance clearly decrease as function of increase of the shadowing. Also the shape of the coverage curves change depending of the shadowing, while for standard deviation of 0 and 3 dB have the typical s-shape, the plots with 9 dB shows a more linear shape without any clear inflection points.
In Figure 8 we compare the different types of cell structures from PPP, uniform location over circular area and the traditional hexagonal layout with 7 and 19 BSs and we observe the rather big difference between the hexagonal cases and the PPP model. The uniform distributed scenarios with 7 and 19 BSs (and with area equal to the corresponding hexagonal cases) give better performance than PPP but are well below the hexagonal cases. The model with circular serving cell and where interfering BSs uniformly distributed outside the serving cell (lilac curves) gives coverage performance which is much in the middle between the hexagonal cases and the PPP model. It is likely that an actual effect of the interference is somehow between these two scenarios and therefore the uniform outside circular cell model in 4.3.2 actually will give good accordance with real deployments.
One of the main drawbacks with the PPP modelling of locations of BSs is that there will be large probability of finding two BSs quite close to each other. This will not been seen in real networks. In the scenario with a circular cell and uniform distribution of interfering BSs outside the cell seem to a more realistic, and will secure that the interfering BSs at least have a minimum distance to the serving BS. (This case is the lilac curves in the upper figures.) It is possible to improve the performance compared to the PPP by just limiting the network size and spreading the BS uniformly over the area. (This corresponds to the two green curves in the upper diagrams.) However it might be questionable if such a reduction of the area of interfering BS will be realistic and give more accurate results. The two regular hexagonal cases, (blue and read curves in the upper diagrams) perform best. This is expected due to the regular fixed pattern where there is no possibility of having interfering BS at a closer distance than the fixed ones. Stochastic models allow for this to happen and therefore we also expect the overall interference to increase accordingly.
In Figure 9 we compare the fixed hexagonal models with the stochastic models with circular cell and where the interfering base station is uniformly located outside the cell but limited by a disc with areal that of the interfering cells in the hexagonal cases. We observe that the stochastic models give slightly poorer performance than the hexagonal models as expected. However, it turns out that the uniform placing of BSs either on a particular circle or between two circles pretty much behaves as the fixed hexagonal cases. Especially the scenario where 6 BSs are uniformly distributed over the circumference with the same as the diameter for the hexagons (green curves) gives excellent accordance with the hexagonal 7 cell case for all value of the chosen shadowing parameter. (See the green upper curves in Figure 9 below.) In Figure10 below we compare simulated deviated hexagonal scenarios with results from the analytical models. We consider the case where the actual location of BSs are uniformly drawn and placed in a disc surrounded the hexagons with radius of 0.9 km (see Figure 7 above) in the example shown in the figures. With this assumption around a quarter of the area are forbidden to put BSs, and moreover, two BSs will never be closer than at most 0.2 km. One observation is that the deviation from the fixed hexagonal scenarios is not very big although the differences are clearly visible, but much less than for the PPP model. It is reason to believe that the deviated hexagonal BS model may be adapted to real deployment by adapting both the distance between hexagons and the disk radius for the deviation. For this particular case we see that the deviated hexagonal model with two rings of hexagons e.g. 19 BSs are quite good accordance with circular cell case where the interfering BS is located uniformly outside the cell (lover green and red curves in Figure10).
Figure10 Coverage probabilities for comparing deviated hexagonal scenarios with s tandard deviation of shadowing: 0 dB top left, 3dB top right, 6dB bottom left and 9dB bottom right.
Another interesting observation we may draw from the scenarios is that only quite a few users will get high bitrates. For instance as seen from Figure 5 a user needs to have SINR larger than 20 dB to obtain normalised throughput of 5 or larger and the portion of users where this is possible is well below 20% for all the scenarios and cases considered and actual lies in the range 10-18%.
COVERAGE FOR THE Β-GINIBRE POINT PROCESS
Below in Figure 11 , we show the coverage probability for case where the BSs are located in the plane according to a β-GPP for different parameters of the standard deviation of the shadowing. We observe that β-GPP converges to PPP case when the thinning parameter β gets small as expected. One observation, however, is that the β-GPP modelling of BSs does not give a broad variation of the coverage probabilities in terms of the thinning parameter β and cannot be used as a model BSs layout with quite regular layouts like classical hexagonal or deviation of hexagonal as depicted in Figure10 above. The increase in the coverage for the β-GPP compare to PPP BS layout is quite limited as seen from the different cases shown in the figure below. Hence, we man not expect that the β-GPP will "solve" the shortcomings by the traditional PPP modelling.
Another issue is the heavy computing efforts to obtain the coverage probabilities for the β-GPP. While the PPP model is fast also for shadowing parameters larger than zero, the corresponding β-GPP requires heavy computation of infinite products and sums and will typical have like 100 times larger CPU-times. 
SPECTRUM EFFICIENCY
In Figure 12 we have plotted the mean obtainable spectrum efficiency for the different scenarios as a function of the standard deviation of the shadowing.
Since our examples is interference limited; i.e. it is the interference from surrounding BSs rather than the noise power that determines the SINR values we also expect the corresponding overall efficiency to be quite low. Generally we observe that the mean efficiency decrease with an increase of standard deviation of the shadowing. As expected the PPP model gives the worst performance where the mean efficiency drops from 1.09 to 0.811 for 9.0 dB shadowing standard deviation. For the 7 hexagonal cells scenario the corresponding decrease is from 1.83 to 1.53. All the other scenarios give values that are in between these two cases except for the scenario where 6 BSs are randomly distributed over the circumference of a circle with the same diameter as the hexagons which gives a slight higher throughput.
The β-GPP model shows similar performance for the spectrum efficiency as the PPP model but with some higher values as shown in Figure 12 . For the β=1-GPP BSs layout the mean efficiency drops from 1.33 to 0.966 when the standard deviation of the shadowing increase from 0.0 for 9.0 dB and this is roughly an increase of around 20% compared to the PPP model. 
CONCLUSIONS
In this paper we discuss and compare methods to analyse the influence of inter-cell interference have on the down link performance in cellular networks. The framework is based on classical methods to find the Laplace transform of the interference from neighbouring cells, and both fixed and random location of BSs are considered. It turns out that for Suzuki distributed fading the analysis is highly simplified, since the distribution of the SINR may be evaluated by real integral rather than a complex contour integral that would be necessary if the fading was assumed to be Log-normal. In case of Rayleigh fading only, the analysis is even more simplified.
The modelling approach allows for both fixed and stochastic locations of BSs. The stochastic models are compared with a fixed hexagonal cell layout with 7, (i.e. one ring of interfering BSs) and 19 cells, (i.e. two rings of interfering BSs). All the proposed models require quite heavily numerical computation with numerical integration of multi-dimensional integrals.
The different models are applied to quantify the effect of the interference in LTE networks where we have considered several scenarios ranging from fixed locations of BS to stochastic distribution of BSs based on PPPs. It turns out that the PPP distribution of BSs give the worst performance for the outage probabilities, while the fixed hexagonal grid with 7 or 19 BSs gives the best. The difference between these two scenarios is quite large while the scenario with uniform distribution of BS outside a circular cell gives coverage probabilities that are in between those two extremes.
We believe that this model perhaps will give the best match of what is observed in real LTE networks.
When it comes to the spectrum efficiency we also see big difference between the different cases where the PPP case give only around one bit per hertz on average, while the hexagonal give nearly 50% more. We also observe a decrease in the spectrum efficiency as a function of the standard deviation of the shadowing. Hence, this shows that the popular assumption of Rayleigh faded channels only, actually will give too optimistic cell performance. 
APPENDIX
Appendix-I. SOME PROPERTIES OF THE SUZUKI DISTRIBUTION
and further the error is exponential bounded since:
An attempt to expand the integral (A-1) in terms of the exponential function
yields a divergent series, however, this is not the case for the truncated integral(A-2). We find: Note that although the series (A-3) converges for fixed truncation parameter M , it is not possible to interchange limit and summation in the series to obtain
The reason is that the corresponding series å so for the CCDF we apply the "saddle point near a pole" method described in detail in [6] .
We find the following asymptotic approximations: 
